The benefits of cardiac imaging are immense, and modern medicine requires the extensive and versatile use of a variety of cardiac imaging techniques. Cardiologists are responsible for a large part of the radiation exposures every person gets per year from all medical sources. Therefore, they have a particular responsibility to avoid unjustified and non-optimized use of radiation, but sometimes are imperfectly aware of the radiological dose of the examination they prescribe or practice. This position paper aims to summarize the current knowledge on radiation effective doses (and risks) related to cardiac imaging procedures. We have reviewed the literature on radiation doses, which can range from the equivalent of 1-60 milliSievert (mSv) around a reference dose average of 15 mSv (corresponding to 750 chest X-rays) for a percutaneous coronary intervention, a cardiac radiofrequency ablation, a multidetector coronary angiography, or a myocardial perfusion imaging scintigraphy. We provide a European perspective on the best way to play an active role in implementing into clinical practice the key principle of radiation protection that: 'each patient should get the right imaging exam, at the right time, with the right radiation dose'.
Introduction
Medical radiation from X-rays and nuclear medicine is the largest man-made source of radiation exposure in Western countries, and accounts for a mean effective dose (ED) of 3.0 milliSievert (mSv) per person per year, equivalent to the radiation dose of 150 chest X-rays (CXR). 1 The natural background radiation worldwide is about 2.4 mSv 2 ( Figure 1 ). Cardiologists are responsible for about 40% of the entire cumulative ED to the US population from all medical sources excluding radiotherapy. 3 In addition, the occupational radiation exposure of interventional cardiologists and cardiac electrophysiologists can be two to three times higher than that of diagnostic radiologists, 4 and their exposure has increased steadily in the past few decades. 5 The increasing use and complexity of imaging and interventional techniques have not been matched by increasing awareness and knowledge by prescribers and practitioners. The majority of doctors-including cardiologists-grossly underestimate the radiation doses for most commonly requested tests. 6, 7 The significant increase in the cumulative exposure of patients and population to ionizing radiation is likely to cause an increased incidence of cancer in years down the line, with an important yet potentially avoidable public health threat. 8 Cancer induction associated with radiation goes unrecognized because it is neither differentiable nor predictable for individual patients, and because clinically significant consequences do not become evident for many years. The balance between risks and benefits determines the appropriateness score of a test: the test is appropriate when benefit greatly exceeds the risks, and inappropriate when risk exceeds the benefit. 9 According to recent estimates, at least one-third of all cardiac examinations are partially or totally inappropriate, 10 i.e. risks and costs outweigh benefits.
The risk-benefit assessment is a 'dynamic', tailored variable rather than an absolute, fixed concept, since the same test can have a favourable risk-benefit ratio in an individual with intermediate pre-test probability and equivocal ECG, and totally inappropriate in a middle-aged woman with atypical chest pain and maximal negative ECG stress test. The order of magnitude of the risks of several imaging techniques (or associated procedures, such as stress or contrast administration) may range between 1-10% (contrast-induced nephropathy) and 0.1 -0.3% (severe reaction during stress administration of dobutamine or dipyridamole). Therefore, radiation risks are certainly not the only, and probably also not the most important of the risks to be included in the risk-side of our risk -benefit assessment. However, they are probably the least well known and the least considered in our daily decision making.
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Biological effects of radiation
There are two main biological effects of radiation ( Table 1) : tissue reactions (deterministic effects), which happen when the radiation dose exceeds a specific threshold and become evident days to months after exposure as they cause a predictable change in tissue, 12 and stochastic effects, which relate to the potential for future harm to the tissue and the body. Tissue reactions of most concern for patients and operators include skin injuries (reported in patients undergoing long, repeated and complicated interventional procedures 13 ) and cataract (present in one-third to half of interventional cardiologists or radiologists 14 ) . The stochastic effect of most concern is a carcinogenic effect. It occurs when the cell is modified by damage to its DNA but remains viable, the harm eventually being expressed through cell proliferation. 15 Ionizing radiation damages DNA molecule either directly (through ionization of DNA molecule) or indirectly (through generation of free radicals and reactive oxygen species in the surrounding medium). Cancer may occur after a latency period of many years. The reduction of risk of cancer is at the core of the radiation protection system for patients and staff. 16 The available epidemiological evidence linking increased cancer risk to radiation exposure is now strong for doses .50 mSv, 17,18 also for diagnostic medical exposures. 19 In contemporary imaging practice, doses .50-100 mSv are sometimes reached after cumulative exposures 20 in a single hospital admission 21 and not infrequently by a patient in multiple examinations and diagnostic or interventional procedures for a single imaging technique 22 and even in a single examination. 23 For any given radiation exposure, the cancer risk is higher in females than in males, in children than in adults, and in adults than in elderly, and may differ among individuals ( Figure 2) . From a radiation sensitivity standpoint, not all tissues have the same risk of radiation-induced cancer ( Table 2 ). The radiation-induced cancer is clinically undistinguishable from a spontaneously occurring cancer. Out of 100 subjects exposed to 100 mSv (roughly equivalent to 5000 CXRs), 42 will develop a spontaneous cancer anyway (independently of radiation exposure), and the radiation exposure may induce 1 additional cancer ( Figure 3) . ). The higher this factor, the more radiosensitive the tissue, i.e. allowing a rough estimation of biological risk corresponding to any given radiation dose. The sum of the tissue weighing factors is unity so that a uniform dose distribution in the whole body gives an effective dose numerically equal to the radiation-weighted dose in each organ and tissue of the body.
which is capable of producing detectable damage to human lymphocyte DNA integrity. 24 
Nuclear medicine: doses and risks
In the USA, nuclear cardiology accounts for .50% of all nuclear medicine procedures and 85% of the entire cumulative ED due to nuclear medicine, which accounted for 26% of the overall medical exposure of patients in 2006.
2 Table 3 summarizes the ED for commonly performed studies. 25, 26, 27 A number of strategies can be used to minimize dose in cardiac nuclear imaging, such as the use of 99m Tc (technetium) sestamibi or tetrofosmin agents as preferred radiopharmaceuticals in single-photon emission computed tomography (SPECT) and the use in patients with low pre-test probability of disease of stress-first/stress-only protocols. 28 Radiation exposure can be decreased by 75% using a protocol whereby stress imaging is performed first ('stress first'), with rest images eliminated in patients with normal stress images ('stress only')-but in current practice in the USA, it is seldom used due to gaps in practitioners' knowledge pertaining to radiation safety. 7 This same knowledge gap leads to the 15% rate of dual radioisotope testing, which is unacceptably high due to high ED involved ( 30 mSv). The new SPECT detectors with cadmium zinc telluride technology can be used to considerably decrease the ED and acquisition time for myocardial perfusion SPECT with preserved image quality. 7, 26 A strategic target of the nuclear cardiology community is that for the population of patients referred for SPECT or positron-emission tomography (PET) myocardial perfusion imaging, on average a total radiation exposure of ,9 mSv can be achieved in 50% of studies by 2014. 29 Computed tomography: doses and risks
Use of computed tomography (CT) for diagnostic evaluation has increased dramatically over the last two decades, from approximately 3 million in 1980 to nearly 70 million in 2007 in the USA, but the dose per examination showed a clear downward trend, with a reduction of three quarters of radiation dose in the last decade through increasing use of dose-saving measures and evolving scanner technology. 30 The ED of a calcium score study is substantially less (2-3 mSv) than a coronary CT study ( Table 3 ). The patient dose as expressed by dose-length product can be converted into mSv (ED) with appropriate conversion factors, specific for the type of examination (chest vs. coronary artery) 31, 32 (Table 4) .
Recent emphasis on radiation exposure due to CT scanning has engendered a competitive effort on the part of manufacturers to reduce the dose while still providing images with sufficient diagnostic quality. As a result, if the heart rate is sufficiently slow and regular, cardiac CT angiography with a gated acquisition of a single frame in end-diastole can now be performed producing high-quality diagnostic images with a mean effective radiation dose of ,2 mSv or even ≤1 mSv.
Interventional cardiology and electrophysiology
Among adult cardiology patients, fluoroscopically guided diagnosis and intervention account for 12% of all radiological examinations performed, and 48% of their total collective dose. 20 There are established correlation factors between ED and dose-area product (DAP) or kerma-area product (KAP) values displayed by the equipment as to indicating total energy imparted to the patient for a given IC procedure. The wide range of EDs corresponding to common examinations is reported in Table 3 . 33 -36 As a general rule, ED can be estimated approximately as follows: ED (mSv) ¼ DAP (Gy × cm 2 ) × 0.2 (mSv/Gy cm 2 ). 37 The conversion factor (from DAP to mSv) is age-specific, 38 and increases with decreasing age (Table 4) . Consequently, DAP quantity represents a relevant dosimetry index, the value of which should be optimized against the diagnostic reference level, which varies for each procedure and can be used as a tool to comply with the ALARA (As Low As Reasonable Achievable) principle. Specific estimations of patient radiation dose for typical EP procedures are listed in Table 3 . 39 The introduction of nonradiology-based methods of cardiac mapping and the use of co-registration of CT or CMR images of the target structures (for instance, the left atrium) have the potential to drastically reduce these doses.
Protection of personnel
The protection of doctors is just as important as protection of patients. With conventional radiology and CT, occupational radiation exposure is minimal since the staff leaves the room during the procedure. In nuclear cardiology, professional exposure can be as high as 2 -5 mSv per year, although more frequently it remains ,1 mSv. Most experienced (and most exposed) interventional cardiologists and electrophysiologists have an exposure per annum of 5 mSv, two to three times higher than diagnostic radiologists, with a typical cumulative lifetime attributable risk on the order of magnitude of 1 cancer (fatal and non-fatal) per 100 exposed subjects. 40 Operator dose per procedure correlates somewhat with the patient dose, but may be typically 1000 times lower depending upon the shielding employed (one unit of incidence scatter dose for the operator when 1000 units of incident dose are given to the patient). 41 protection training and diligent protection can reduce the radiation exposure by 90%. 42 
Cardiac imaging in paediatric cardiology
For any given radiological ED, the risk for some organs, including the brain, is three to four times higher in children than in adults. 17, 18 Children are at substantially higher risk than adults because they have more rapidly dividing cells and a greater life expectancy, allowing the clinical manifestation of radiogenic cancer with long latency periods of decades. Thus, an infant or a child patient has a longer lifetime risk for developing radiation-induced cancers than adult patients. At the age of 15-20 years, grown-up congenital heart disease patients have already cumulated an ED exposure corresponding to 20 -40 mSv, with an estimated lifetime attributable extra-risk of cancer of 1 in 10 to 1 in 100. 43 Among paediatric cardiology patients with congenital heart disease, fluoroscopically guided diagnosis and interventions account for 3.5% of all radiological examinations performed and 84% of their total collective dose. 43 In the USA, this issue of radiological responsibility was addressed with the Image Gently, Step Lightly Campaign, especially focused on the risks of unnecessary and excessive medical radiation exposure from interventional radiology administered to paediatric patients. 44 Typical EDs for common paediatric examinations are reported in Table 3 . In paediatric catheterization, the conversion factor from DAP to mSv (mSv ¼ DAP × 0.20 in adult cardiology patients) is higher ( Table 4) .
Cardiac imaging in women and in pregnancy
For any given radiation exposure, the cancer risk is higher in females (by 38%) than in males at all ages. In women in childbearing age, the dose to gonads should also be known 45 and minimized ( Table 5) .
Knowledge of foetal and mother dosimetry may affect the choice of testing in the pregnant patient. This is especially relevant in .. ........... ............ ............ ............ ........... ............ ............ ............ ........... ............ ............ ............ ........... ............ . ..... pulmonary embolism, which is the leading cause of maternal mortality in the developed world. Also on the basis of radioprotection considerations, strong recommendations were made by the American Thoracic Society for three specific scenarios: performance of CXR as the first radiation-associated procedure; use of lung scintigraphy (with a breast dose to mother 20 to 100 times lower than CT pulmonary angiography, with only slightly higher foetal dose) as the preferred test in the setting of a normal CXR; and performance of CT pulmonary angiography (whole-body maternal ED ¼ 4-18 mSv) rather than digital subtraction angiography (7 -28 mSv) in a pregnant woman with a non-diagnostic ventilation -perfusion result. 46 For professionally exposed workers, pregnant workers can continue to work with radiation limits ,1 mSv (foetal dose during full pregnancy) in many European countries, with the recommendation to communicate one's pregnancy to the competent hospital service. Allowed doses are higher in the USA, up to ,5 mSv (measured by a waist dosimeter) for the entire pregnancy. 47 
Informed consent form
In radiological informed consent, the communication of doses and risks is often based on a highly specialized technical language, often difficult to understand even for practitioners and radiologists. As a result, both patients and doctors often are unaware of what they are doing, in terms of doses and radiation risks. 6, 7 The informed consent form should spell out, in tabular form and possibly with a figure, the specific reference dose. 48 After the examination, the actually delivered dose should be stored in the patient's and laboratory's records. The jargon information should be translated into mSv, equivalent number of chest radiographs, and equivalent periods of natural background radiation ( Table 6) . After the procedure, the patient should be provided with dose information if he/she asks and this has become a requirement enforced by law in many countries. Effective dose has the advantage that it is not modality-specific and can be cumulated between different imaging modalities over time. This simple consent process will gently force the doctor to learn what he/she already should know, enabling him/her to make more responsible choices. 49 Take-home message
All other considerations being equal, it is not recommended to perform tests involving ionizing radiation when the desired information can be obtained with a non-ionizing test with comparable accuracy. If you perform a test that utilizes ionizing radiation, choose the one with the lowest dose and be aware of the many factors modulating dose. The actual delivered dose should always be recorded and included in patients' records. Because of the numerous sources of variability, there is no clear threshold between acceptable and unacceptable exposure for any given examination, but the dose that is not even considered is certainly unacceptable. X-rays and g-rays used in radiology and nuclear medicine are proven (class 1) carcinogens, and cardiologists should make every effort to give 'the right imaging exam, with the right dose, to the right patient'. 50 The priority given to radioprotection in every cardiology department is an effective strategy for primary prevention of cancer, a strong indicator of the quality of the cardiology division, and the most effective shielding to enhance the safety of patients, doctors, and staff. A smart cardiologist cannot be afraid of the essential and often life-saving use of medical radiation, but must be very afraid of radiation unawareness. 
